Upon exposure to 8% ethanol, survival and growth of yeast strains deficient in histone deacetylase complex genes was examined. Of the 18 mutants tested, the Ásir3 and Ásir4 strains showed higher resistance to ethanol, while the Árco1, Áhos3, Áhda2, and Áhst1 strains were more sensitive than the wild type. Furthermore, these ethanol-resistant patterns varied under aerobic and anaerobic culture conditions. Key words: Saccharomyces cerevisiae; epigenetic gene regulation; ethanol tolerance; stress response; histone deacetylase
Brewer's yeast is exposed to ethanol stress in the process of alcohol fermentation and is tolerant of up to 20% ethanol. In the course of efforts to identify the mechanism underlying ethanol tolerance, many candidate genes have been reported by genome-wide screening of genes altering expression in response to ethanol. 1, 2) Tolerance of acetaldehyde stress was recently reported to be due to transcription factor Stb5p regulating the expression of the genes involved in the pentose phosphorylation pathway, since acetaldehyde is a major metabolite generated during ethanol detoxification. 3) Besides these immediate responses by adapted or induced expression of specific genes, yeast is known to cope with various environmental stresses through epigenetic control involving chromatin remodeling. 4) One such process of regulation is driven by histone deacetylases (HDACs), which regulate the levels of acetylation of histone proteins and thereby control chromatin remodeling status. Sirtuin (SIR2) was originally identified as a gene controlling mating type in yeast, and later it was found to encode a NAD-dependent histone deacetylase. The SIR2 gene regulates the lifespan of yeast, and hence is recognized as a longevity gene. 5) Moreover, important roles in metabolism are now postulated in higher organisms for its mammalian homolog SIRT1, and this has recently been extended to circadian regulation, possibly influencing food uptake timing as well. 6) In parallel, RPD3 has been found to encode another histone deacetylase operating via direct hydrolysis of the acetyl group of acetylated amino acids. To date, yeast, fruit fly, nematode, and mammalian histone deacetylases have been analyzed and categorized into four classes, and some of them are under consideration as drug targets. 7) We studied epigenetic control of the yeast stress response using mutant strains deficient in genes relevant to HDAC function. The yeast strains used were S. cerevisiae strain BY4741 (MATa, his3Á1, leu2Á0, met15Á0, ura3Á0) and a library of the BY4741-derived 5,000 yeast non-essential deletion mutants (Invitrogen, Carlsbad, CA). Prior to the test, 18 candidate strains out of 5,000 mutant strains were selected according to their physiological relationships to HDACs by sorting gene annotation. The gene names are as follows: SIR1, SIR2, SIR3, SIR4, HST1, HST2, SET3, RCO1, RPD3, UME1, RXT2, SIF2, HDA1, HDA2, HDA3, HOS1, HOS2, HOS3. These yeast strains were cultured in yeast/ peptone/dextrose medium (YPD). In order to determine the concentration critical for survival, the optimal sublethal ethanol concentration for the control strain BY4741 was first determined, and it was set to 8% in the subsequent experiments (data not shown).
Next, to determine the ethanol tolerance of the mutants, spot tests on YPD agarose plates were performed in the presence of 8% ethanol. As shown in Fig. 1a , the Árco1, Áhos3, Áhst1, and Áhda2 stains displayed an ethanol sensitive phenotype, while the Ásir3 and Ásir4 but not the Ásir1 and Ásir2 strains were resistant to ethanol. Since Sir3p and Sir4p are supposed to be recruiters of Sir2p, they might play roles in targeting class III enzymes to a critical locus on the chromosome for ethanol resistance. In addition, the 18 mutants were further examined for other types of environmental stresses, viz.,
heat shock (37 C, 10 min) and cold shock (4 C, 10 min) (Fig. 1b) . Sensitive phenotypes were observed for H 2 O 2 among mutants of class I (rco1, rxt2, sif2, hos2), class II (hos3, hda2, hda3), and class III (hst1, and sir2) HDACs. On the other hand, the mutants of class III HDACs, the Ásir3 and Ásir4 strains, displayed phenotypes tolerant of the oxidative stress. Under salt stress due to KCl, the mutants of class I (rco1, sif2) and class III (hst1) were sensitive, but the Ásir3 and Ásir4 strains did not show different growth phenotypes than the wild type. The mutants of class I (rco1, sif2), class II (hos3), and class III (hst1) were sensitive to temperature shock (heat and cold). These results indicate that (i) HDACs throughout classes I to III were involved in the stress response, and y To whom correspondence should be addressed. Fax: +81-152-48-3845; E-mail: j3nakaga@bioindustry.nodai.ac.jp
(ii) the phenotype of the HDAC-related mutation overlapped with ethanol, oxidative, osmotic, and temperature stresses, but were not identical to each other, as illustrated in the Venn grouping illustration in Fig. 2 .
These results were further confirmed by examining growth in liquid culture, as shown in Fig. 3 . In aerobic liquid cultures, the wild-type strain always grew best in the absence of ethanol (inlet in each figure), while in the presence of 8% ethanol, the Ásir3 and Ásir4 strains were clearly more resistant to ethanol, as in the spot test (Fig. 3a) . In the same experiment, the sir1 and sir2 mutants grew similarly to the wild type. Strain Áhst1, deficient in HST1 (a homolog of SIR2) showed somewhat poor growth even in the absence of ethanol, and was nearly non-viable in the presence of ethanol, suggesting that it has a different role than SIR2. The other HDAC mutants, Árco1, Áhos3, and Áhda2, showed impaired growth in liquid culture even in the absence of ethanol, and were not viable in the presence of 8% ethanol, except for Áhda2, which showed growth intermediate between the wild type and the non-viable strains (Fig. 3c) .
Since ethanol fermentation proceeds anaerobically, we examined ethanol tolerance under anaerobic conditions. Agarose plates were placed in a sealed bottle and oxygen was expelled by Anaeropack (Mitsubishi Gas Chemistry, Tokyo). Unlike the aerobic experiments, none of sirtuin mutants (sir1-4) displayed distinct growth differences in the presence of 8% ethanol (data not shown). This was further confirmed by the liquid culture, in that there was no significant difference in the growth of the sir1-4 mutants in the anaerobic liquid culture in the presence of 8% ethanol (Fig. 3b) . In the presence of 8% ethanol, the altered growth pattern of the mutants was further confirmed as follows. As for class II enzymes, the Áhda2 strain grew considerably more poorly than the wild type under aerobic conditions, but the growth was only slightly sensitive to ethanol in the anaerobic culture ( Fig. 3c and  d) . The Áhos3, Áhst1, and Árco1 hardly grew in the aerobic liquid culture, but in the anaerobic liquid culture their growth was evident and moderately impaired in the order wild type, Áhda2, Áhos3, Áhst1, and Árco1. Strain Árco1, which did not grow aerobically in the presence of ethanol (shown for the spot test in Fig. 1a , but data not shown for the aerobic liquid culture), grew constantly, albeit slowly, in the anaerobic culture. Since Rco1p is an essential subunit of the Rpd3 complex, these observations might be linked to the role of class I HDACs under anaerobic growth conditions, as Rpd3 complex has been reported to play a role in anaerobic adaptation. 8) These data indicate that there is a substantial alteration in the defense mechanism against ethanol under anaerobic growth conditions, probably due to the difference in anaerobic metabolic pathways.
As postulated, a defect in the activity of HDAC enzymes can loosen chromatin structure and stimulate gene expression. The augmented ethanol tolerance of Ásir3 and Ásir4 strains might fit this conjecture. On the contrary, some strains deficient in class I and II HDACs displayed sensitive phenotypes, suggesting that silencing certain genes also functions in survival.
In summary, it was found that all the HDAC class I, II, and III enzymes were involved in the stress response to ethanol and to other physico-chemical stresses. The response was substantially different under anaerobic growth conditions. It would be intriguing to examine further the acetylation of histones and nuclear factors and the expression patterns of the metabolic enzymes involved in ethanol production and detoxification.
